ABSTRACT
INTRODUCTION
Codon assignment is the same in almost all organisms, but alternative synonymous codons are generally not used with equal frequency. Each species shows a specific pattern of codon usage (1) . In addition, intra-species heterogeneity in codon usage bias has also been observed (2,3)-Organisms that are evolutionary closely related like Escherichia coli and Salmonella typhimurium (3) , or the Streptomycetes (4) show similarity in codon preference, whereas less related species like E.coli and Bacillus subtilis show larger differences in codon usage bias (5) . The direction and degree of codon usage bias is thought to result from a balance between natural selection and directional mutation. In unicellular organisms like E.coli and Saccharomyces cerevisiae a positive correlation is found between expression level of genes and the degree of the synonymous codon bias. Highly expressed genes have strongly biased usage of alternative synonymous codons, whereas weakly expressed genes in these organisms show less biased codon usage patterns (2, 6) . Preferred codons in highly expressed genes are thought to be selected based on translation efficiency and/or accuracy of codon-anticodon interaction by the most abundant tRNAs in these organisms (7) . In organisms with an extremely AT-rich genome such as Mycoplasma capriolum (8) and Plasmodiumfalciparum (9,10) or a GC-rich genome like Micrococcus luteus (11) and Streptomyces (4), translational selection seems to be less important. In these organisms directional mutation plays a dominant role in determining the direction and degree of codon usage bias (12, 13) .
The genus Lactobacillus belongs to the family of Lactobacteriaceae also known as lactic acid bacteria, a group of organisms that is of considerable economic importance for the fermentation industry and for public health. The genus Lactobacillus comprises approximately 50 different species showing considerable differences in overall GC content. For example, L.bulgaricus, a species widely used in dairy industry has a GC content of 50%, whereas L.acidophilus which is commonly found in the gastro-intestinal tract of man and animals, has a GC content of 36% (14) .
To date the sequence is known of approximately seventy genes from various Lactobacillus species, a sufficiently large sample to perform a reliable statistical analysis of codon usage. In the present study we have analyzed codon usage in different Lactobacillus species, in an attempt to determine the evolutionary relationship between various species. We have also determined whether intra-species differences in codon bias occur and what their relationship is with gene expression levels.
MATERIALS AND METHODS

Gene sequences
Approximately 70 Lactobacillus gene sequences taken from the EMBL-GenBank, or communicated to the authors by various investigators, were examined. The source of each sequence is indicated in Table 1 .
*To whom correspondence should be addressed Nucleotide sequence analysis Gene sequences were analyzed using the GCG software package (15) . In case gene sequences were pooled, the values given are weighted averages, which means that the sizes of the genes have been taken into account. Relative synonymous codon usage values were determined as the ratio of the observed codon usage value and the value expected if there were no preference between synonymous codons. Programs to calculate RNY percentages, purine/pyrimidine ratios, and GC-content per codon position were written using the GCG function libraries (15) , and are available upon request (send E-mail tojackl@caos.kun.nl). Statistics were carried out using student-T test.
Principal coordinate analysis
Principal coordinate analysis (16) was carried out using the software described by Higgins (17) . The input-data used in this program were codon-correspondence values (D-values), calculated according to the formula
where f(ij) is the frequency of codon i in codon usage table j. The calculations were performed using the GCG-program CORRESPOND (15) .
P2 index
The P2 index, which is a measure of the proportion of codons following the intermediate strength-rule of codon anticodon interaction described by Grosjean and Fiers (7), was calculated from the equation P2 = (WWC + SSU)/(WWY + SSY), as described by Gouy and Gautier (2). W = A or U; S = G or C; Y = C or U.
RESULTS AND DISCUSSION
The analysis of codon usage in Lactobacillus genes which is detailed below includes 68 completely sequenced genes and 3 genes of which only the 5'-sequence is known. The genes originate from more than ten different species. Since synonymous codon usage of genes is expected to reflect differences in GC content (12, 18) we have computed the overall GC content of each gene and the GC content at the first (GC1), second (GC2) and third (GC3) position of codons of the genes ( Table 1 ). The data show that besides inter-species differences also intra-species heterogeneity in GC content occurs in genes within different species. L.bulgaricus genes display the highest average GC content (52%), whereas L.helveticus genes show a much lower average GC content (38%), in agreement with previously reported data of the GC content of total chromosomal DNA (14) . The variance of the GC content values for L.acidophilus genes which is surprisingly large may be due to the origin of most of the genes. Four of the five genes examined are plasmid encoded. The GC content of L.plantarum genes is considerably lower (35%) than expected from the value of 45% for chromosomal DNA (14) . Of the 7 L.plantarum genes 6 are plasmid encoded. Such genes may have been acquired by L.acidophilus and L.plantarum from bacteria with different GC content by horizontal transfer, a process not uncommon among Gram-positive bacteria (19, 20, 21) .
The GC1 values are, with very few exceptions, considerably higher than the corresponding GC2 values. For all genes high ratios of G1/G2 can account for these differences (results not shown), in accordance with the hypothesis that the pattern (Gnon-G-N) n defines the three-base periodicity of the genetic message (22) .
Codon usage in Lactobacillus
In order to make a comparison of synonymous codon usage in genes from different species more meaningful, we have excluded genes from species for which less than 5 genes were available. The cumulative codon usage values for the remaining 58 genes (six species) are given in Table 2 . The data indicate, as has been observed for all other organisms examined sofar, that synonymous codon usage in Lactobacillus genes is biased. With the exception of L.bulgaricus genes, all genes are biased against GC3-rich codons reflecting the relatively high AT content of the genome of the various Lactobacillus species as a whole. Although all codons are used in (nearly) all species, strong preferences among synonymous codons are observed. For example, GAA (Glu) is strongly preferred over GAG, while AGG (Arg) and AUA (He) are hardly used in any species.
Principal coordinate analysis of codon usage data
Principal coordinate analysis (16, 17) is a powerful method to investigate variation in codon usage patterns (1, 4, 5) . With this multivariate statistical technique codon usage data can be displayed on a plot. The two axes of the plot represent the first and second most prominent factors contributing to the variation of codon usage. We have applied this technique to the relative synonymous codon usage data, thus eliminating the effects of differences in size and amino acid composition of the proteins encoded by the genes. The data obtained in this way allow to determine the effects of GC content on synonymous codon usage and also to detect codon usage variations that are independent of GC content. Figure 1 shows the position of 58 Lactobacillus genes on the first plane. The data indicate that codon usage in lactobacilli is far from uniform. The position along the horizontal axis accounting for 29% of the variation reflects the variation in GC content of the genes. AT-rich genes are found at the left part of the plot, while genes with intermediate GC values are found in the middle and genes which are relatively GC-rich are found at the right side of the plot. Displacement from the origin along the second (vertical) axis, which accounts for 14% of the variations, appears to reflect primarily inter-species differences in codon usage that are not related to GC content. Most of the genes of a given species are clustered. Genes from the mesophilic species L.casei, and the closely related species L.pentosus and L.plantarum, are found in the lower part of the plot, while genes of the two thermophilic species L.acidophilus and L.helveticus are found in the upper part of the plot, suggesting that codon usage might be different between the two groups of organisms. Codon usage in L.bulgaricus genes appears to differ from the two other groups as the genes cluster in a different area of the plot. For each species one or two genes do not fit in the corresponding cluster. In seven of these cases, indicated with asterisks, the coordinates represent highly expressed genes (vide Slia   61  115  76  92  445  450  466  196  1009  307  446  621  334  320  334  275  330  94  475  293  261  429  216  507  742  113  164  578  336  342  200  407  267  327  311  354  161  489  445  334  129  305  389  105  337  475  315  362  175  312  300  1903  318  502  755  477  450  389  333  321  48  318  318  325  197  53  362  245 Laar  (para  X71412  M4564  I1M50  H35235  H23530  D10020  D10020  H35O68  Kola  (para.  X714O3  H85224  X02734  M19653  X02734  020151  Alpart (para  D00496  J05221  JO5221  KJ3993  KI5265  K20150  MIO922  M60151  H26929  D0O496  DOO496  DOO496  DOO496  H76708  H2S050  J04240  H59360  X5724B  Dudlay (para  H5936O  X57248  Dudlay (para  X5724*  M5936O  Dudlay (p«ra  Dudlay (para  H55222  H55222  X13099  JO2613  M83946  H83946  S43327  H573S4  Lokatan (para  Lokman '  H573S4  H573S4  DM339  D90340  111717  M31223  JO3319  H96175  111717  K33531  K33531  H64090  N84015 (p«ra infra). They form a separate cluster at the right side of the plot. In contrast, lowly expressed genes are found exclusively at the left side of the plot (not shown). The data suggest that translation selection contributes to codon bias in lactobacilli, as it does in other micro-organisms (23) .
Codon usage in efficiently and weakly expressed genes in lactobacilli Several factors appear to contribute to biased synonymous codon usage in bacteria, like tRNA abundance (24) , third base pyrimidine bias yielding codon-anticodon interaction of intermediate strength (7) and an excess of RNY codons (25) . Information concerning the presence of different tRNA species in lactobacilli is scarce and knowledge of the relative abundance of isoaccepting tRNA's in different species is virtually nonexisting. An interpretation of differences in codon usage bias in terms of differences in tRNA abundance is therefore not possible. We have focussed the analysis on synonymous codons for which the relative abundance of tRNA's is believed to play no role. These are codons in two-codon sets recognized by a single tRNA and NNG-type codons from 'family boxes' (a set of synonymous codons for one amino acid) that in eubacteria are recognized by a single tRNA species (26).
Osawa and coworkers previously have shown that in E.coli NNC/U-type two-codon sets, NNC codons are preferentially used in the highly expressed genes whereas usage of NNC codons becomes less dominant in weakly expressed genes (26) . In contrast, in Micrococcus luteus, NNC codons are used exclusively and no difference in codon usage pattern is observed between highly and weakly expressed genes (11) . To determine the correlation between the level of expression and codon usage preference in lactobacilli, we have compared the cumulative codon usage values of NNC/U-type and NNG/A-type two-codon sets of Lactobacillus genes known to be efficiently expressed [e.g. S-layer proteins constitute 5-10% of total proteins (27, 28) , L-LDH represents > 2 % of soluble protein in lactobacilli (29) ] with those of genes known or presumed to be inefficiently expressed (e.g. repA gene of plasmid p353-2, and xylB and xylR genes of L.pentosus (21, 30) , and the regulatory gene lacTfrom L.casei (31) . A third set of genes was selected which were assumed to be expressed at an intermediate level of efficiency. In order not to confound the data by effects of GC content we have selected genes with similar GC content, where possible. We have excluded Cys codons from the analysis because of the low cysteine content of most proteins. The data ( Table 3 ) clearly indicate that codon usage bias is strongly correlated with the level of expression. In highly expressed genes NNC is preferred over NNU, while in weakly expressed genes NNU is strongly preferred over NNC. Interestingly, the rate of aminoacyl-tRNA selection of YNC/U pairs in E. coli has been found to be greater for YNC than YNU codons, in agreement with the selection of such codons in highly expressed genes (32) . A reversal of the bias for weakly expressed genes is consistent with the notion of a clear positive correlation between the translation elongation rate and the prevalence of optimal codons (33) . The reversal of the bias has thus to be explained by the absence of strong negative selection rather than by the presence of positive selection. A similar correlation between expression level and codon usage bias is found in NNG/A-type two-codon sets that are recognized by a single tRNA. GAG (Glu) is hardly used in efficiently expressed genes but much more so in moderately-efficiently and weakly expressed genes. The three-fold faster rate of translation in E.coli of GAA vi GAG is consistent with the strong preference for A at the third position (34) . AAG (Lys) is strongly preferred by efficiently expressed genes but is replaced by AAA in less efficiently expressed genes. Also for CAG/A (Gin) which in eubacteria can be recognized by the anticodons CUG and modified UUG, codon usage bias depends on the level of expression. A is more frequently used than G in highly expressed genes compared to less highly expressed genes. 1817 *E, efficiently; M-E, moderately efficiently; N-E, not efficiently. E -M-E. p<0 00l; E -N-E. p<0.OOI;M-E -N-E. p<0.01. It has been suggested that synonymous codons ending with C or U are selected on the basis of an optimization of codonanticodon interaction energy (7) . Highly expressed genes in E.coli and yeast yield high (0.7-0.9) P2 values (index for codons with intermediate codon-anticodon interaction energy; 2), indicating a strong preference for intermediate codon-anticodon interaction energy. Less efficiently expressed genes in these organisms have P2 values close to 0.5, signifying little preference (2, 23) . P2 values for the pooled genes of Table 3 yield values of 0.64 for highly expressed genes, 0.53 for moderately expressed genes and 0.34 for weakly expressed genes. Apparently, codon-anticodon interaction energy plays a less important contribution to translational selection in Lactobacillus compared to E. coli and yeast. A similar observation has been made for B.subtilis (5) .
Shepherd has proposed, based on the assumption that presentday codon usage is derived from a primeval RNY (purineanybase -pyrimidine) message, that highly expressed genes conform better to the pattern RNY than weakly expressed genes. In particular, the ratio RNY:RNR was found to be greatest in highly expressed genes for degenerate codons for glycine, alanine, valine and threonine (25) . The average value of the ratio RNY:RNR for these four amino acids is 4.
in highly expressed
Lactobacillus genes (excluding L.bulgaricus) and 1.2 in weakly expressed genes. When RNY values were computed for all amino acids, 7 highly expressed genes (slpA, Idh) ranked amongst 10 genes with the highest RNY value, while 4 of the 5 weakly expressed (353rep, xylB, xylR, 80l4rep) were found among 11 genes with the lowest RNY value (Table 1) . These results support the conclusion that pyrimidines are preferred over purines at the third position in highly expressed genes.
A comparison of codon usage in E.coli, B.subtilis, S.cerevisiae, S.pombe, Dictyostelium and Drosophila has shown the occurrence of a set of codons in highly expressed genes which are preferentially used by all these organisms (12) . The same set (GGU, GAC, AAC, AUC, UAC and UUC) is used as optimal codons in highly expressed Lactobacillus genes.
Codon usage in different Lactobacillus species
Codon usage patterns in closely related species are very similar but are dissimilar in more distantly related organisms (1) . A comparison of synonymous codon usage of different Lactobacillus species thus might give valuable information about the evolutionary relationship of the different species. We have excluded from the analysis the known highly-expressed genes as they may obscure species-specific codon usage preferences. A typical example of such an analysis is given in Table 4 . Both L.helveticus and L.pentosus genes show a clear trend towards AT-rich genomes as indicated by the lower GC3 value compared to the overall GC value. The same trend, although less pronounced was observed for L. casei and L.plantarum (results not shown). In contrast, L.bulgaricus genes tend to become more GC-rich as the GC3 value is signficantly higher compared to that of GC. The trends in GC vs AT drift are also reflected by the ratios of C/U and G/A in NNC/U-and NNG/A-type two-codon sets (Table 4) . L.bulgaricus genes show a clear preference for C at the third position in NNC/U-type codons and a G in NNG/Atype codons (except Glu), the average value being higher than the overall GC content. From these data we conclude that mutational drift in L.bulgaricus is towards a GC-rich genome. For L.pentosus genes the frequency with which C and G is used in these two-codon sets is lower than the overall GC content of the genes, reflecting the tendency of this organism to reduce the GC content. Although the differences of occurrence of C and G at third positions between L.helveticus and L.bulgaricus genes are less pronounced compared to that for L.bulgaricus and L.pentosus, the average values are significantly different. We conclude that the mutational drift in L.helveticus and L.pentosus is directed towards AT-rich genomes. Plasmid-encoded genes show a preference for U and A residues at the third position, in line with the tendency to reduce their GC content.
Family-box codons ending with G are exclusively recognized by a CNN-type anticodon in eubacteria, while codons ending in A, U or C may pair with different anticodons. The exclusive pairing of NNG codons with a unique type of anticodons, makes differences in the use of this type of codons in different organisms easier to interpret. The results (Table 5) show that usage of NNGtype codons in L.acidophilus is similar to that in L.helveticus, as is the use of NNG-type codons in L.casei and L.pentosus. Usage of NNG-type codons in L.bulgaricus does differ from that in L.acidophilus and L.helveticus, but is not significantly different from that in the other two species. In the L.acidophilus and L.helveticus family-box codon sets, NNU was the preferred codon for all amino acids (results not shown). Essentially the same results were obtained when NNG-type codons of all genes 5  8  6  0  0  4  4  0   789   23  13  12  41  19  A  35  30   3240   17  26  23  26  25  12  15  41   5736   2  8  6  2  5  1  1  4   3173   14  19  27  30  35  12  15  17   3227   7  5  5  3  5  3  2  5   14358   4  3 (including highly expressed genes, see Table 2 ) were analyzed. For nearly all relevant amino acids there is a strong bias against G-ending codons in L.acidophilus and L.helveticus and a preference for U-ending codons. Such a bias is much less pronounced in the other Lactobacillus species.
Total nunbar codons
In Mycoplasma and yeast mitochondria almost all family-box codons are recognized by an anticodon of the general structure UNN (26) . A search for codon preference reveals that these organisms use family-box NNG codons very infrequently. The average percentage with which NNG-type codons are used is 4% and 2%, respectively, for yeast mtDNA and Mycoplasma DNA, and 3% and 4% for L.acidophilus and L.helveticus (Table 5) . These percentages contrast those observed for other Lactobacillus species which average 22% (Table 5) . A similar value (23%) is found for the frequency of usage of NNG-type codons in B.subtilis. The infrequent use of family-box codons ending with G in L.acidophilus and L.helveticus thus may be explained by assuming that these organisms use one tRNA species to recognize family-box codons. The relatively frequent use of NNG codons in other Lactobacillus species suggests that these organisms possess more than one isoaccepting tRNA for these family boxes. The presence of CNN-type anticodons, which pair with NNG codons more efficiently than modified UNN anticodons (26) could explain why NGG codons are efficiently translated in these organisms.
Comparison of codon usage in D-ldh genes from different organisms
Due to the paucity of highly expressed genes for each species, pooling of sequences from different species was necessary to obtain a sufficiently large sample of data (see previous section). Since this procedure may have obscured differences in the contribution of mutational drift and translational selection of different genes or different organisms, we have compared the codon usage in NNC/U and NNG/A-type two-codon sets of DIdh, an efficiently expressed gene, from L.bulgaricus which shows GC-drift, with that from two organisms showing AT-drift, L.helveticus and L.pentosus.
The genes show a clear codon usage bias. The bias is even more pronounced for L.bulgaricus D-ldh where a strong preference for C is found at all third positions and a similar strong preference for either A or G in the other set of codons. The same trend is observed when all other codons (except Met and Trp) are examined. In L.bulgaricus D-ldh 39% of all codons end with C and 12% with G at the third position. These values are 30% and 12%, and 26% and 10%, respectively, for L.pentosus and L.helveticus D-ldh. Although one must be cautious in extrapolating from individual genes, there is a trend in these highly expressed genes to use C at the third position at the expense of G. The preference for C may be explained by assuming that aminoacyl-tRNA selection in these Lactobacillus species is more efficient for C-ending than U-ending codons, as was observed for E.coli (32) .
As can be seen from Table 6 , differences between GC and GC3 values in these genes are much smaller compared with less efficiently expressed genes, indicating that mutational drift is largely, and in case of L.bulgaricus and L.pentosus D-ldh fully, compensated for by translational selection. The GC content of L. bulgaricus D-ldh is even lower than the genomic DNA content (48% vs 52%), while the GC content of L.helveticus D-ldh is higher (42%) than that of the genome (38%). We conclude that the constraint imposed by translational selection balances the mutational drift in these organisms. In E.coli it has been observed that translational selection in highly expressed genes is a reflection of a reduced substitution rate at synonymous sites, compared with analogous sites in weakly expressed genes (35, 36) . Preliminary results indicate that also in Lactobacillus the substitution rate at synonymous sites is reduced.
Codon usage and translation initiation
Both statistical and experimental evidence has been presented showing that the sequences in E.coli mRNA surrounding the AUG codon are non-random (37, 38, 39, 40) . A general preference for A residues upstream and downstream of the startcodon was observed. Looman et al (40) have demonstrated that the composition of the first codon after the AUG affects the •number of genes analyzed; 5' -total: 1st, p<0.01; 2nd, p<0.1, 3rd. p<0.01: average. p<0.01.
translation efficiency in E. coli. Since no correlation was observed between the level of expression and the concentration of tRNA recognizing that codon, the composition of the second codon is thought to affect the formation of a stable translation initiation complex. Also with respect to codon usage bias differences have been observed between the 5' end of E. coli mRNA and the rest of mRNA, codon usage being less biased at the 5' end than at the rest (36, 41) . The differences were more pronounced for highly expressed genes than for less efficiently expressed genes. The differences were explained in terms of differences in synonymous substitution rates at different positions of the gene. The presence of an additional selection pressure which competes with the selection for codons which are most rapidly translated, and which operates at the 5' end of E.coli mRNA was suggested (36) .
In this section we will analyze codon usage bias and GC content of the region of Lactobacillus mRNA following the startcodon AUG. As our results indicate, codon usage in this region is not significantly different from that of the remainder of the gene. However, the nucleotide composition of the region immediately following the AUG differs significantly from that of the rest of the gene.
When synonymous codon usage was determined in codons 2-6 or codons 2-10 of Lactobacillus genes (for this analysis all Lactobacillus genes were pooled or were grouped per species), no significant difference in bias was observed compared with the data obtained from an analysis of the rest of the genes. Also, for highly expressed genes no difference in codon usage between codons 2 -6 or 2 -10 and whole genes was observed, in contrast to what was found in E.coli. This apparent difference may be quantitative rather than qualitative, as the bias towards C-and G-ending codons in E.coli is considerably higher than in Lactobacillus. A decrease of codon bias in Lactobacillus may thus remain undetected because the preference for C-and Gending codons is less pronounced.
We have previously shown that the GC content of the region immediately following the startcodon AUG in Lactobacillus genes is significantly lower than that of the remainder of the coding sequence (42) . In the present analysis which includes a larger pool of genes, we have confirmed and extended these conclusions. The data (Table 7) indicate that GC 1, GC2 and GC3 values for codons 2-6 are significantly lower than the corresponding values for the remainder of the coding sequence. This conclusion holds for all three codon positions in each Lactobacillus species examined. When a similar analysis was carried out for codons 7-10, intermediate values were obtained (not shown) indicating that the difference in nucleotide composition extends over a region of at least 5 codons but probably not much more than 9 codons after the startcodon. RNA secondary structure has been shown to be a key factor in determining the translation efficiency in prokaryotes (43, 44, 45) . Sequestration of the Shine-Dalgarno sequence-by the presence of C and T residues-will diminish proper interaction of mRNA with the ribosome (46) . Counterselection against G and C, and a preference for A in this region might thus be used to diminish secondary structure formation of the ribosome binding site.
The observation that also the GC content of non-synonymous nucleotides at positions 1 and 2 in this region is significantly lower compared to the remainder of the gene clearly indicates that the nucleotide sequence per se rather than codon usage is an important determinant in controlling the efficiency of translation. Such a control mechanism, involving a reduction of the secondary structure, apparently operates independently of the elongation rate, as the decrease of the GC content in the 5' region of genes was observed in both highly and weakly expressed genes. This hypothetical control mechanism might act at the level of translation initiation.
Evolutionary relationship between Lactobacillus species
Lactobacilli show a remarkable difference in codon usage. Significant differences were observed between L.acidophilus and L.helveticus vs all other species, and between L.bulgaricus and all other species. These differences reflect the phylogenetic difference between different species of the genus, even within subgenera. Based on 16S RNA analysis it has been concluded that L.acidophilus and L.helveticus, which are closely related, belong to the L.delbreuckii subgenus together with L.bulgaricus. The pair L.pentosus and L.plantarum, which are also closely related and which belong to the subgenus L. casei together with L.casei, are only remotely related to the L.delbreuckii group (47, 48) . Our results indicate that considerable divergence has occurred within the subgenus L.delbreuckii. Whereas both L.acidophilus and L.helveticus show mutational drift towards an AT-rich genome, L.bulgaricus has tended to become more GCrich. Moreover, tRNA genes have evolved differently in these organisms. L.bulgaricus contains a set of isoaccepting tRNA's for translation of family-box codons (49) , while L.acidophilus and L.helveticus appear to contain only a single tRNA species.
The considerable phylogenetic distance between these species is consistent with the differences in GC content and the reported lack of significant DNA homology between many of the genomes. The three species of the Ldelbrueckii group may have evolved from a common ancestor which lacked the genes for isoaccepting tRNA's, and isoaccepting tRNA genes may subsequently have evolved in Lbulgaricus, after branching of the organisms. Alternatively, L.acidophilus and L.helveticus may have lost specific tRNA genes to economize on genetic information and to adapt to a specific ecological niche. Further research is needed to resolve these questions.
